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Abstract: Many inorganic elements play fundamental role in biochemical processes, such as photosynthesis, which is an
incredibly important biological processes in this planet. This paper reviewed the role of Mg, Mn, Cu and Fe in photosynthesis.
Magnesium plays a role in maintaining the structure of chlorophyll, due to its appropriate size, charge, and redox-inert feature.
Manganese is required for photosynthetic O, evolution. Copper and iron usually form metalloproteins with ligands such as halide
and amino acid residual and serve as electron transporters in PSI and PSII. In the past a couple of decades, structures of major
redox metalloproteins and principles of important photosynthetic reactions have been intensively studied, and significant

progresses have been made. However, there are still a number of ambiguous points that need to be clarified.
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1. Introduction

The term “Bioinorganic Chemistry” seems to involve a
contradiction, because traditional biochemistry primarily
cares about organic compounds. However, great advances in
analytical methods (e.g., NMR) in the past a few decades have
demonstrated the fundamentality of many “inorganic”
elements in biochemical processes. Therefore, the rapidly
developing field of bioinorganic chemistry mainly focuses on
the role of inorganic chemicals (e.g., metal ions and metal
compounds) in biological structures and functions.

Photosynthesis is an incredibly important biological
processes in this planet. A diverse group of living organisms,
for example, cyanobacteria and higher plants, harvest solar
energy and convert it to chemical potential, assimilate carbon
dioxide to make carbohydrates, and oxidize water to molecule
dioxygen. These photosynthetic reactions make tremendous
contribution to keeping a sustainable biosphere. Certain main
group metals (e.g., Mg and Ca) and transition metals (e.g., Mn,
Fe, Cu, and Zn) are involved in different structures and
reactions of photosynthesis, because of their distinct redox
potential, coordination geometry, and consequently specific
functions [1]. Therefore, the objective of this paper is to
briefly review the key features of Mg, Mn, Fe, and Cu
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concerning their role in plant photosynthesis.

2. Role of Mg in Chlorophyll Structure
and Function

Magnesium-containing chlorophyll is the primary pigment
for light capture in plant cells. Magnesium (II) is a hard Lewis
acid and prefers octahedral coordination when the oxygen
donors are present (e.g., H,O); however, binding of Mg to the
macrocyclic ring of the chlorophyll molecule is uncommon.
The four N-donors from the porphyrin ring are on the same
plane (Fig. 1a), but further binding to the ring through another
N-donor from histidine imidazole is more or less out of the
plane (Fig. 1b) [2]. This five-coordinated complex may be
stable to hydrolysis since the Mg (II) ion is encapsulated by
the porphyrin ring and attached amino acid.

It is intriguing to investigate why chlorophyll employ Mg
(IT) instead of other metal ions. The characteristics of Mg (II)
ion could suggest an answer. The captured energy by
chlorophyll will be further transported to the “reaction center”
in the chloroplast via special arrangement of the light-harvest
pigment. The process requires no mass or charge exchange,
and Mg makes contribution to maintaining this well-designed
spatial orientation [2, 3].
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Fig 1. (a) The structure of chlorophyll b (b) the binding of histidine to the Mg of chlorophyll [2]

Aggregation of a chlorophyll derivative with ethyl side
chain is demonstrated in Fig. 2. The nucleophilic carbonyl

groups in the cyclopentanone ring interact with the
coordinately unsaturated Mg (II) centers of adjacent



chlorophyll molecules through hydrogen-bond offered by
water molecules, which allows the precise organization of
those molecules [4]. Magnesium is the only main group metal
ion that is naturally abundant in the earth and has the
appropriate size and charge for the porphyrin ring of

chlorophyll [5, 6]. Heavier main group metals have higher
spin-orbit coupling constant, and could trigger an intersystem
crossing [2], leading to eventually reduced turnover rate of
the photosynthetic reactions.

Fig 2. Structure of a one-dimension aggregate occurring in the crystals of ethyl chlorophyllide dehydrate [6]. The & electron conjugation is
represented by thick lines, and H-bond links via water molecules by broken lines

The redox inactivity of Mg (II) is another important
property. Other small ions, such as Mn (II) and Fe (II) may fit
in the porphyrin cavity, but those redox-active metals could
enhance undesired heat or light production. Since metal
centers like Fell/IIl could easily perform intramolecular
electron transfer, intermolecular electron transfer will be
prevented and consequently no or little chemical energy will
be stored [7]. Therefore, the redox-inert Mg (II) ion is the only
choice with regard to proper size and oxidation for porphyrin
cavity and loss-free energy transfer.

3. Role of Mn in Oxidizing Water to
Dioxygen Molecule

Manganese is a 3d° element and a redox-active transition
metal with versatile oxidation states ranging from +2 to +7.
In acidic aqueous solution, Mn (II) is the most stable species,
but when oxygen is present or in alkaline solution, Mn (II) is
quickly oxidized to a more stable Mn (IV). In plant
photosynthesis, Mn is mainly required to form a tetranuclear
Mn-cluster called the “oxygen-evolving complex (OEC)”.
Water cleavage and O, evolution occur with the help of the
OEC. Water oxidation to O, is very energy-demanding at
acidic to neutral pH. Until now the oxygenic photosynthesis
is the only known biochemical process that carries out this
reaction spontaneously. This process has attracted much
interest, and substantial effort has been devoted to unveiling
the structure of the Mn-cluster and illuminating the
underlying mechanisms. In the past 30 years, significant
progresses have been achieved.

The first major breakthrough was reported by Joliot et al.
in 1969 [8]. They exposed a sample of dark-adapted
photosynthetic membrane to a sequence of very short yet
intense flash and observed a unique pattern of oxygen
production. Little or no oxygen was released on the first two
flashes and the maximum yield of oxygen was on the third
flash. This phenomenon repeated with a periodicity of four
flashes.

To account for these results, a schematic model, called the
“S state mechanism”, was proposed by Kok and colleagues in
1970s [9, 10]. This model comprises of a series of five states,
defined as SO to S4 (Fig. 3a). The S4 state reacts with two
molecules of water to produce one molecule of O, without
further input of photons, thereafter, the SO state is regenerated.
The S2 and S3 states rapidly decay to the S1 state in the
absence of light, which is stable in the dark. In addition, the
SO state is quickly oxidized to the S1 state with a half time of
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10 min at room temperature [11]. This model perfectly
explains the observed pattern of O, production but provides
no information for the chemical nature of the S states.
Followed studies using X-ray absorption [12] and EPR [13]
have demonstrated that Mn is oxidized in the SO to S3
transitions. The Mn (II) ion is oxidized to Mn (III) from the
SO to S1 transition, and one of the Mn (III) ions is further
oxidized to Mn (IV) in the S2 state [14] as shown in Fig. 3b.
The oxidation states of S3 and S4 remain unresolved until
recently. Siegbahn [15, 16] suggests that one more Mn (III) is
oxidized to Mn (IV) from the S2 to the S3 state, and a terminal
oxygen on one of the Mn (IV) ions, instead of the Mn ion
itself, is oxidized in the S3 to S4 transition.

@) So hv Sy hv S hv S3 hv S4

———

0, 2 Hy0

Mn2+ Mn3+ Mn3+ Mn3+
Mn3+ Mn3+ Mn3+ Mn3+
Sy 5
I\
Mn3+ Mn3+
Mné+ > Mn3+

N /f
S3 e
Mn3+ Mn3+
< Mné+ >

Mn3+
or

Mné+
<M:4+ >

Mn3+
Mn3+

Fig 3. (a) The S state model prepared by Kok and coworkers [9] (b)
Possible scheme for the redox states of the water-oxidizing Mn
cluster [12]

The coordination chemistry of the Mn-cluster in each S
intermediate has been extensively studied since 1980s.
Dismukes and Siderer [17] first observed a multiline EPR
signal of S2 state from spinach chloroplast, indicating the
presence of a multinuclear Mn site, either binuclear or
tetranuclear. Subsequent studies using extended X-ray
absorption edge fine structure (EXAFS) [18, 19, 20]
demonstrated a 2.7-A Mn-Mn distance in the S2 state and a
longer 3.3-A Mn-Mn distance in the S1 state. These evidence
supports existence of an exchange-coupled tetranuclear Mn
complex. However, the exact structure of the Mn complex



remained uncertain until about 10 years ago. With the
assistance of the theory and experimental methods of
quantum chemistry, the first X-ray 3D structure of Mn-cluster
from cyanobacteria Thermosynechococcus elongatuswas was
determined at a resolution of about 3.5 A by Ferreira et al. [21]
in 2004 and at 3.0 A by Loll et al. [22] in 2005. The two
proposed structures are mostly the same with a few
distinguishable characteristics. The structure reported by
Ferreira et al. [21] suggested that three Mn ions of the Mn-
cluster and a Ca?" ion forms a cubane-like structure
(Mn3CaOy), whereas the fourth Mn ion is connected to the
cubane through mono-p-oxo bridges provided by one of the
oxo groups. The 3.0 A model [22] did not incorporate the oxo
bridges into the structure. Furthermore, the electron density
that was assigned to the bicarbonate ion by Ferreira et al. [21]
was not observed by the 3.0 A model [22]. Subsequent study
[23] by a higher resolution (1.9 A) X-Ray indicated that the
five metal atoms are interlinked via p-oxo bridges supplied
by five oxygen atoms. Four water molecules, possibly served
as substrate for dioxygen production are also attached to the
MnyCaOs cluster. Different amino acid residuals are also
coordinated towards the Mn4CaOs cluster, which helps
making the ligand environment saturated (e.g., each Mn is
hexacoordinated) [23]. The Ca-O bond at the corner of the
cubane is 2.7 A, which is longer relative to the Ca-O bond in
the cubane (2.4-2.5 A). Similarly, the Mn-O bond at the
corner (2.4-2.6 A) is longer than the Mn-O bond in the cubane
(1.8-2.1 A). These varied bond length data indicate that the
Mn3CaOys cubane-like structure is asymmetrical [24].

Yruela [1] argued that those structure data obtained from
cyanobacteria are not applicable to higher plants, possibly due
to the heterogeneity of the photosynthetic system in higher
plants. Furthermore, a recent study [24] has pointed out that
previously reported models and structures are actually a
mixture of varied intermediate states due to inevitable
radiation reduction. A highly reduced S-3 intermediate, Mn
(11, 11, II1, III), makes the greatest (about 60%) contribution
[24]. This situation brings extra difficulty to interpretation of
the obtained structure data. Until now, no 3D structure of Mn
cluster in higher plants has been resolved.

Despite of these concerns, interpretation of currently
available structural data has considerably helped to elucidate
the underlying mechanisms of photosynthetic O, production.
A couple of mechanisms have been proposed. The popular
“2+2” mechanism was originally reported by Hoganson and
Babcock [25]. This mechanism assumes that two sets of Mn
dimer that are very close to each other exist in the oxygen
evolving complex, and one water molecule is attached to each
dimer. The two water molecules are progressively oxidized to
form a Mn-oxo group on one dimer and a hydroxyl group on
the other, thereafter one more proton is removed and an
unstable peroxo species between the dimers is formed. This
intermediate then quickly decayed and O, is produced [25].
This mechanism has become less favorable in recent years
because the hypothesis of two Mn dimers is contradictory to
the latest structural findings [21, 22, 23, 24]. In view of those
recently reported structures, a modification to the “2+2”
mechanism was developed. The key points of this mechanism
include formation of a highly-oxidized Mn-oxo radical group
that is subject to nucleophilic attack by a nearby water or
hydroxyl group. A major debate concerning this mechanism
focuses on the nature of the high-valent Mn-oxo group. Since
Mn (V)-oxo has never been observed in previous studies
using spectroscopy, Siegbahn [26] presumes that Mn (IV)-

11

oxyl may be the actually active species. Due to the limitations
of current technology, it is almost impossible to distinguish
between these two species. Again, current contention over
possible mechanisms have not reached consensus. A leap in
theory and experimental technology may facilitate the
progress.

Scientists have been trying to synthesize robust catalysts
that could efficiently drive the water oxidation reaction, and a
few trailblazing advances have been reported. Homogenous
water oxidation was first achieved via a ruthenium dimer,
[(bpy)2(H20)RuMORu™(H,0)(bpy)]*" prepared by Gersten
etal. [27] in early 1980s. Upon addition of 4 equiv of Ce (IV)
to 0.01 M HCIO;, solution containing trace amount of the Ru
(III) dimer, O, rapidly appears. However, addition of
excessive Ce (IV) could destroy the catalytic ability of the
system, possibly due to the decomposition of the dimer
structure. Ruthenium is a second-row transition metal and has
a very slow ligand exchange rate, therefore isotopic
composition of evolved oxygen has been used to determine
the mechanism of oxygen evolution. After the Ru (IIT) dimer
was enriched with '30 at the cis-aqua positions and further
oxidized in unlabeled aqueous solutions, Yamada et al. [28]
found that the evolved O, is predominantly '0'0, and little
160180 and '80'80 are produced. These results indicate that
the evolution of O, includes a single oxo group attached to Ru
and a water molecule from the solvent.

In addition to the ruthenium complexes, Mn complexes that
resemble the oxygen-evolving center also attract great interest.
The first Mn-based homogeneous water-oxidation catalyst is
[(terpy)(H0)Mn"/(0);MnV(OHy)(terpy) " (terpy= 2,2’: 6,
2”-terpyridine) prepared by Limburg et al. [29, 30]. This Mn
dimer catalyze O, evolution when oxygen donors such as
NaClO or KHSOs are present in the aqueous solution. Unlike
ruthenium complex, the Mn dimer does not generate O in
aqueous solution when using Ce (IV) as an oxidant. This is
because the Mn dimers decompose to MnO* ions when the
Ce (IV) oxidant is present [31]. However, the reaction of Mn
dimer with a Ce (IV) oxidant for O, evolution may occur if
the Mn dimer is adsorbed on layer compounds such as kaolin
[31] and montmorillonite K10 [32]. To date, the mechanism
of the Mn dimer catalyzed O, evolution is still unclear.

In sum, tremendous efforts have been endeavored to
decoding the mysterious structure of oxygen evolving
complex and the underlying mechanism of O, evolution.
Despite numbers of trailblazing breakthrough has been
achieved in the past two decades, the truth is still in the dark,
and painstaking effort is still required before the dawn.

4. Role of Cu in Photosynthetic
Electron Transfer

Copperis a 3d'° element and a redox-active transition metal
that can exist as Cu (I) and Cu (II). In chloroplast, it is
required to form plastocyanin (Pc), which is an electron
carrier in primary photosynthetic reactions. Copper in the
stroma also serves as a constituent of Cu/Zn superoxide
dismutase (SOD), a strong reductant that could efficiently
quench reactive oxygen species and protect the chloroplast
membrane [1].

Plastocyanin belongs to the blue copper protein family. A
distinct feature of this soluble protein is its dark blue color
caused by intensive electronic absorption at about 600 nm.
This intensity may be explained by the ligand-to-metal
electron transfer. Upon light excitation, one electron will be



transferred to the electron-poor Cu (II) center from the
thiolate ligand, which is a strong ¢ donor [33]. In ground state,
it has been estimated that an especially strong © bond exists
between the d,2.,? orbital of Cu (II) ion and the p orbital of S
ion from cysteine, and the unpaired electron is almost equally
shared between the two orbitals [34]. In this situation, the
redox center of plastocyanin actually behaves as Cu'”" and
SIAS-.

Crystal structure of isolated plastocyanin was first
determined in spinach [35]. The Cu (II) ion has a d°
configuration, and the unpaired electron in the eg orbital leads
to a significant Jahn-Teller distortion, which is clearly shown
in Fig.4. The two N atoms from histidine residuals and the S
atom from cysteine are tightly bound in a trigonal plane. The
other S provided by methionine forms weak bond with Cu (II)
on the axial position [35]. This is trigonal pyramidal
coordination contributes to the high midpoint redox potential
(about 370 mV at pH 7) and the relatively low relaxation
energy related to the redox process [1].

The scheme of electron transfer through plastocyanin has
been resolved. The Cu (II) ion is first reduced to Cu (I) by
the cytochrome b6f complex, then the reduced Cu (I) donates
one electron to the photo-excited PSI. The turnover rate of
Cul/Il is very fast, which enables efficient energy transport.36
This process is regulated by divalent cations such as Mg2+
and Ca2+ and is pH-dependent].
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Fig 4. Crystal structure of active site of plastocyanin containing Cu
(II) from spinach leaves [35]

5. Role of Fe in Photosynthetic
Electron Transfer
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Iron is the fourth abundant element in the earth’s crust.
Similar to Cu and Mn, Fe is also a redox-active metal that is
able to exist as Fe (II) and Fe (III). Uptake of Fe (II) is
preferred by higher plants. It has long been known that Fe
deficiency could adversely affect the photosynthetic ability of
higher plants, because Fe plays key role in chloroplast
structure and electron transfer. A significant number of
electron-transfer proteins use Fe-S clusters as redox center.
Mononuclear rubredoxin and multinuclear ferredoxins, such
as [2Fe-2S] and [4Fe-4S] have been extensively studied.
Structures [5] of some Fe-S clusters are illustrated in Fig. 5.
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Fig 5. The coordination of Fe-S proteins (a) rubredoxin (b) Fe2S> ferredoxin (c) FesS4 ferredoxin [5]

Rubredoxins are bacterial proteins of low molecular weight,
containing only one Fe ion. The sulfur ions from four cysteine
groups are arranged in a distorted tetrahedral coordination
(Fig. 5a). The redox potential of rubredoxin ranges from 0 to
100 mV, but until now, little is known about the physiological
electron donors and acceptors of rubredoxins. Study [37] has
shown that some bacteria are capable of conducting alkanes
and arenes assimilation using [2Fe-2S] ferredoxins instead of
the monomers. This finding suggests dimeric redox centers
are possibly required for biological function.

In chloroplast of higher plants, Fe is an important
constituent of the chlorophyll-binding membrane protein
complex in PSI. The X-ray 3D structure of PSI from pea [38]
revealed that each PSI monomer has three [4Fe-4S] clusters
denoted as FA, FB, and FX, and one [2Fe-2S] ferredoxin.
Ferredoxin is the first soluble acceptor of electrons on the
stromal side of the electron transport chain in the chloroplast.
The 3D structure of ferredoxin from pea reveals that this
protein consists of a fold featuring a four-stranded B-sheet
with an a-helix packed across its face [38]. Out of the three
[4Fe-4S] clusters, FX attracts more interests than FA and FB
due to its unique structure and function. This interpolypeptide
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cluster bridges the PsaA and PsaB subunits of PSI to form a
heterodimeric reaction center, which catalyzes the light-
induced primary charge separation at the chlorophyll a. Each
of the two subunits provides two cysteine ligands
coordinating to the Fe center. This unique symmetrical
coordination is necessary for subsequent binding of PsaC
subunit [39]. The interactions among amino acid residuals
also make FX one of the most electronegative Fe-S clusters.

Since no other MnSn clusters have been found in living
organisms, an interesting question that needs to be answered
is why the Fe,S, cluster is chosen over some other metal
cluster. To date, no scientific basis has been reported. One
hypothesis suggests that in ancient times, Fe and S are the
only available elements that could efficiently provide energy
to the earliest forms of life [5].

Many cofactors in PSII are comprised of Fe; therefore, Fe
deficiency could lower the efficiency of photochemical
conversion. The non-heme Fe is located in the stromal side of
the intermembrane protein and adopts a pseudooctahedral
ligand geometry. Four of the coordination sites are occupied
by histidine residuals, while exogenous bidentate bicarbonate
fills the rest two sites [40]. Even though binding sites have



been deciphered, functions of those non-heme Fe are not fully
understood. Current study suggests that non-heme Fe may has
arole in regulating proton-coupled electron-transfer reactions
of quinone acceptors [41].

One example of heme-protein is cytochrome bsso. The a-
and B-subunits of this protein are linked through a heme-
bridge. Two histidine residues of the o- and B-subunits are
coordinated to the heme Fe as axial ligands [42]. Among all
the b-type cytochromes, cyt bsso is the only one that has
singular redox potential and several midpoint redox potential
forms [1]. Another example of Fe-containing protein is the
cytochrome complex (cyt bef), which serves as an electronic
bridge linking the PSI and PSII reaction centers. The cyt bef
complex of higher plants comprises of four Fe redox cofactors
[43], including the heme of cyt f, the Rieske protein, which is
a [Fe,S;] cluster with high redox potential, and the two b
hemes (bn and bp), which are constituents of cyt bs. One
additional subunit, named ferredoxin-NADP* reductase
(FNR), was isolated from cyt bef complex of spinach
thylakoid membranes [44], but existence of this subunit in
other higher plants has not been proven.

6. Summary

Living organisms have evolved the capacity to use
inorganic elements for key biological processes. Many main
group and transition metals are actively involved in
photosynthesis. Magnesium plays a role in maintaining the
structure of chlorophyll, due to its appropriate size, charge,
and redox-inert feature. Manganese is required for
photosynthetic O2 evolution. Copper and iron usually form
metalloproteins with ligands such as halide and amino acid
residual and serve as electron transporters in PSI and PSII.

In the past a couple of decades, structures of major redox
metalloproteins and principles of important photosynthetic
reactions have been intensively studied, and significant
progresses have been made. However, there are still a number
of ambiguous points that need to be clarified.
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